We propose a new type of radiative neutrino model with a local dark U (1) symmetry where neutrino masses are induced at the three-loop level, and discuss the muon anomalous magnetic moment, and dark matter candidates therein. By allowing the hypercharges larger than 3/2 for new fields that contribute to the neutrino masses and making them decay into the standard model fields appropriately, we introduce a lot of new particles with multiple electrical charges in a natural manner. As a by-product, we can accommodate the 750 GeV diphoton excess depending on the hypercharge quantum numbers of new fields responsible for the neutrino masses at the three-loop level.
I. INTRODUCTION
Recently, the ATLAS and CMS collaborations reported some excess around 750 GeV in the observation of the diphoton invariant mass spectrum from the run-II data at 13
TeV [1, 2] . If confirmed, this could be a new particle H with spin-0 or -2 and zero electric charge. These data also indicate that σ(pp → H) × Br(H → γγ) ≈ 3 − 10 fb can explain the excess of diphoton events. Therefore, H should have sizable interaction with charged particles in order to have a sufficiently large branching fraction in the diphoton mode. It implies that we have to improve the standard model (SM) by adding two types of particles at least: H, and a new charged particle that interacts with H, and producing γγ through one loop diagram. Along this line of thought, a large number of papers have recently been published; see Refs. .
Another motivation for going beyond the SM (BSM) comes from nonzero neutrino masses and mixings as well as nonbaryonic cold dark martter, for which there are a huge number of different models. For neutrino masses and mixings, radiative seesaw models are renowned as having an elegant mechanism to explain tiny neutrino masses within renormalizable theories.
Some kinds of radiative neutrino mass models have new charged particles that are naturally introduced as a mediating particles in the loops responsible for neutrino masses and mixings.
Moreover some of the radiative neutrino mass models can accommodate dark matter (DM) candidates, which would clearly be an advantage, since one can explain both neutrino masses and mixings and nonbaryonic DM in one framework.
In this paper, we propose a new radiative seesaw model with a local dark U(1) symmetry, where neutrino masses and mixings are generated at the three-loop level, and DM candidates are introduced naturally in the model. Then we also explain the muon anomalous magnetic moment, the relic density of our two DM candidates (Majorana fermion and/or scalar), as well as the recent 750 GeV diphoton excess. Notice here that any lepton flavor violating processes can easily be evaded by diagonalizing the Yukawa term that induces the muon anomalous magnetic moment, since our neutrino masses have another Yukawa coupling (g L , g R ) (see Eq. (II.1) below). Therefore, the neutrino mixing is expected to be generated via g L and g R . Since both of the DM candidates have the local dark U(1) X charge, they interact with the dark neutral vector boson Z ′ , which plays an important role in the DM thermal relic density in this paper. And we can easily evade the constraint for a DM direct detection search such as LUX [209] , assuming that the kinetic mixing between Z ′ and the SM U(1) Y gauge field is small enough. Moreover, since our model generalizes the hypercharge of isospin doublet fields as well as isospin singlet fields without violating the structure of neutrinos, a lot of nonzero electric charged fields can be involved in our theory. Thus, we can explain the diphoton excess naturally, depending on the hypercharge quantum numbers of new particles. However, in general, allowing such a general range in hypercharge number could cause a problem of stable charged particles. Therefore, we have to make them decay into the SM (or DM) appropriately. In order to realize this, we add some more nonzero charged bosons and show the appropriate decay processes for each value of hypercharge, retaining our model. Then such new bosons shall also play a role in contributing the diphoton excess.
This paper is organized as follows. In Sec. II, we define our model for three-loop neutrino masses and DM, the mass matrices for the neutral scalar bosons and neutral fermions including the DM candidates, and the decay properties of exotic particles. In Sec. III, we discuss the lepton flavor physics, focusing on the radiative generation of neutrino masses at three-loops, the muon (g − 2) µ within our model, and charged lepton flavor violation. In our model there are two candidates for cold DM, one bosonic and the other fermionic. In
Sec. IV, the phenomenology of these two DM candidates is discussed. In Sec. V, we discuss the 750 GeV diphoton excess within this model in detail. Finally we summarize the results in Sec. VI.
II. MODEL AND PARTICLE PROPERIES

A. Particle contents and the model Lagrangian
In this section, we explain our model for three-loop neutrino masses with new particles that are charged under a dark U(1) X symmetry as well as the SM SU(2) L × U(1) Y gauge symmetry. The particle contents and their gauge charges are shown in 
and (3 ≤)N is an arbitrary odd number. Note that we have introduced three generations of new fermions L ′ and N , whereas only one set of the listed scalar contents are introduced in the scalar sector.
electric charge Q = q, and two isospin singlet neutral scalars S and ϕ that carry different U(1) X charges. We assume that U(1) X is spontaneously broken by the nonzero vacuum expectation value (VEV) of a U(1) X -charged SM singlet scalar ϕ(x). Notice here that
is an arbitrary odd number
is an integer. Thus, the electric charges of each component of L ′ and Φ ′ are (−q, −q − 1) and (q + 1, q), respectively. Therefore, we
Then the renormalizable parts of the relevant Yukawa interaction Lagrangian and the scalar potential under these gauge symmetries are given by
where we take y N L/R in the diagonal basis without loss of generality.
We assume that only the SM Higgs doublet Φ and the U(1) X -charged SM singlet scalarϕ have nonzero VEVs, which are denoted by v/ √ 2 and v ′ / √ 2 respectively. And we obtain the 1 For even N, the electric charges of components in L ′ and Φ ′ become half-integer, where the lightest particle with half-integer charge cannot decay. 
Majorana masses
where the CP-odd component of ϕ is absorbed by the longitudinal component Z ′ as NG boson.
The nonzero U(1) X quantum number x = 0 is arbitrary, but its assignment for each field is unique so that we can realize our three-loop neutrino model. And there exists a remnant Z 2 symmetry (S → −S in Eq. (II.1)) from the µ-term even after the spontaneous breaking of dark U(1) X symmetry via ϕ , which plays a role in assuring the stability of the dark matter candidate [210] . Therefore, the dark matter candidate in our model is the lightest mass eigenstate of the Dirac neutral fermion N L/R | lightest = X and/or the lightest
Here we identify the first generation of the mass eigenstate of N L/R or S I as a dark matter candidate. In addition, we have a massive Z ′ boson which is associated with U(1) X after the symmetry breaking.
B. Mass matrices for neutral scalar bosons and neutral fermions
The mass matrix for the CP-even neutral scalar Higgs bosons is given by
Then, the mass eigenstates are defined by
where the scalar mixing angle α satisfies the following relation:
Here h SM and H denote the SM Higgs and the heavier new CP-even Higgs, respectively.
2
Then the mass eigenvalues are
The mass of Z ′ is also given by
where we have ignored the Z-Z ′ mixing effect, assuming kinetic mixing is negligibly small. The gluon fusion process of H production is induced by mixing with SM Higgs where we focus on the Yukawa interactions of H and the top quark as
The isospin singlet exotic neutral fermion mass matrix is given by
In general, the diagonalization is very complicated because M D is the general 3×3 matrix. However, once we take M D as the diagonal basis similar to the M N L/R terms, we can simplify this sector and consider one flavor basis. Hereafter, we adapt this assumption for simplicity. Then the mass eigenstates N 1 and N 2 are defined by the following transformation:
where we define s θ N ≡ sin θ N and c θ N ≡ cos θ N . The mass eigenvalues (M N 1 < M N 2 ) and the mixing angle θ N are, respectively, given by
2 +N 2 ) for convenience. So we rewrite our Lagrangian in terms of Ψ i (i = 1, 2), where the transformation rules are given by
where the mass eigenstate is the same as that of N 1/2 .
C. Decay properties of exotic particles
Now we consider the decay processes for the newly introduced exotic particles. Regardless of the electric charge q, the particle E −q−1 always decays into E −q and the charged gauged boson W − . And E −q decays into S −q and active neutrinos if E −q is heavier than S −q , or S −q decays into E −q and active neutrinos if E −q is lighter than S −q . Moreover, φ −q can decay into S −q + S or E −q + Ψ i (with the missing E T generated by S or Ψ i ), depending on the mass hierarchies among the particles involved. In order to simplify the analysis, we just assume m S ±q + missing or M L + missing < m φ ±q . Therefore, all we have to find to take care of the decay is how to make the S ±q or E ±q decay into the SM particles, which depends on the quantum number N. Thus we classify the model in terms of the concrete number of N below. We also symbolize additional fields to contribute to the decay as D ±q . Notice here that N starts from 3, since we assume q = 0.
N=3
This is equivalent to q = 1. In this case, the model is identified as the previous work in Ref. [211] , and additional new fields are not needed. But since sizable muons (g − 2) µ cannot be obtained within the 3.2σ level as shown in Sec. III B, we do not consider this case further.
N=5
This is equivalent to q = 2. In this case, by introducing a new field D ± that is an isospin singlet and singly charged boson with ∓x U(1) X charge, we can add the terms
and then the decay processes are as follows:
where S and N are expected to appear as missing energy signatures at colliders.
N=7
This is equivalent to q = 3. In this case, by introducing two new isospin singlet fields D ± with ±x U(1) X charge and D ±± with neutral U(1) X charge, we can add the terms
This is equivalent to q = 4. In this case, by introducing a new isospin singlet boson D ±± with neutral U(1) X charge, we can add the terms
where additional fields play a role in generating the decaying processes for the exotic fields only. Then the decay processes are as follows:
This is equivalent to q = 5. In this case, by introducing two new isospin singlet fields D ± with ∓x U(1) X charge and D ±± with neutral U(1) X charge, we can add the terms
It is worthwhile to mention the Landau pole for g Y in the presence of new exotic fields with nonzero hypercharge. 3 The new beta function of g Y for SU(2) L doublet fields with ±N/2 hypercharge is given by
where the upper indices of ∆b represent the fermion (f) and the boson (b), respectively.
Similarly, the beta function for the SU ( 
III. NEUTRINO MASSES AT THREE-LOOP LEVEL AND THE MUON (g − 2) µ
A. Neutrino mass matrix at three-loop level
Within the model Lagrangian described in the previous section, we are now ready to discuss the neutrino masses at the three-loop level. The leading contribution to the active 3 The potential problem of a Landau pole at low energies associated to the diphoton excess is also discussed in e.g. Refs. [200, 204, 206] . neutrino masses m ν in our model arises at the three-loop level as shown in Fig. 2 , and its formula is given as follows:
where we have defined
The loop functions G I−IV are given in the Appendix. The neutrino masses m ν should be 0.001 eV m ν 0.1 eV from the neutrino oscillation data [212] .
Let us discuss what is new and unique in our model for generating the active neutrino mass matrix at three-loop level, compared with other three-loop models in the literature [213] [214] [215] . A new part of this model introduces a set of isospin doublet fermions L ′ and an isodoublet scalar boson Φ ′ , both of which have large hypercharges Y = ±N/2 (with 3 ≤ N) (see Table   I ) in order to induce the active neutrino masses at the three-loop level. In this case, however, it would generally be difficult to make them decay into the SM fields appropriately due to specific charges. To solve this problem, we also introduce a set of isospin singlet fermions N's and a isospin singlet scalar boson S, both of which can be a DM candidate.
All these new isosinglet fields can also play a role in generating the neutrino masses by connecting the isospin doublet exotic fields. Its connection is realized by the local dark U(1) X symmetry, which is one of the remarkable and interesting features of our model. The model presented in this paper is the first proposal for a three-loop seesaw neutrino model with a dark sector and local dark gauge symmetry. Thus, one can obtain a sizable neutrino mass scale by controlling these exotic masses. Moreover, since one can generalize the hypercharges of isospin doublet fields, their electric charges can be increased arbitrarily. Thus, we can explain the muon anomalous magnetic moment, as well as the 750 GeV diphoton excess from the loops involving new particles with large electric charges, as we will discuss later.
The local dark symmetry also plays an important role in explaining the measured relic density of DM. In this sense, we emphasize that all the phenomenology such as the muon anomalous magnetic moment, the DM property, and the 750 GeV diphoton excess, are strongly correlated to the neutrino masses, which are quite new features to discriminate this approach from other radiative models.
B. Muon anomalous magnetic moment and charged lepton flavor violation
Now let us turn to the muon anomalous magnetic moment (g − 2) µ within our model.
This quantity has been measured at Brookhaven National Laboratory, and there is some discrepancy between the experimental data and the prediction in the SM. The difference These results correspond to 3.2σ and 4.1σ deviations, respectively.
In our model, the muon (g − 2) µ is given by where we have taken the flavor universal masses for the exotic charged leptons for simplicity, Fig. 3 , we plot the region plot in terms ∆a µ 4.0 × 10 −9 . Notice here that there is no allowed parameter region for N = 3 that can explain the deficit of the a µ . Therefore, we will not discuss the case of N = 3 in the following analysis. Figure 3 clearly suggests that the larger value of N is in favor of the sizable muon anomalous magnetic moment.
It is worthwhile to mention the charged lepton flavor violating (CLFV) processes that are always induced in generating the muon anomalous magnetic moment. In our case, CLFVs are generated from the term proportional to the Yukawa couplings f at the one-loop level, and the couplings or masses related to exotic fermions or bosons are constrained. The stringent bound is given by the µ → eγ process with a penguin diagram [218] . However, once we take f to be diagonal, such CLFVs can simply be evaded. 4 Even in this case, the neutrino flavor mixings are expected to be induced via another set of Yukawa couplings 4 Since g L and g R are the only sources to change the flavor structure and have no direct interactions among SM fields, the next leading order to the CLFVs can be induced at the four-loop level. Thus we expect that the constraints are very weak.
g L and g R . Hence we can retain the consistency of the CLFV constraints without conflict between the neutrino oscillation data and the muon anomalous magnetic moment.
IV. DM PHENOMENOLOGY A. General remarks
In our model, there are two DM candidates: a fermionic DM Ψ 1 and a bosonic DM S I .
Let us make some remarks for each case in the following. Hereafter, we shall denote either DM as X, and assume that the DM pair annihilation into a pair of Z ′ bosons is dominant for simplicity. In this case, the elastic spin (in)dependent scattering is negligible, if there is no mixing between the dark gauge boson Z ′ and the SM gauge boson Z. Therefore, we can easily evade the constraint for a direct detection search such as LUX [209] . As for the bosonic DM case especially, the constraint from direct detection can be evaded by having enough mass difference between the DM and its partner (the real part of the neutral scalar)
from the µ-term in Eq. (II.2) even if such a mixing cannot be negligible. This is because such DM always interacts with a vector boson Z ′ inelastically in the local Z 2 DM model [210] .
Next, we assume that all the charged scalars related to the diphoton decay are expected to have masses ≈ 380 GeV in order to enhance the 750 GeV diphoton excess, as we will discuss in Sec. V. Thus the mass of DM is assumed to be less than 380 GeV to make these charged scalars decay appropriately. Considering also that the mass of DM should be greater than the mass of Z ′ to annihilate, we have to work on the following mass range for DM:
First of all, assuming the lightest neutral particle of Ψ 1 as our fermion DM candidate which is denoted by X, we analyze the observed relic density Ωh 2 ≈ 0.12 [219] . The relevant interacting Lagrangian is where we have used the Majorana property of Ψ 1 , namelyXγ µ X = 0, in the first term.
In the following analysis, we shall take x = 1 for simplicity. With these interactions, we calculate the annihilation process XX → Z ′ Z ′ in Fig. 4 . Then the squared spin averaged amplitude for the process is given by
where s, t, u are Mandelstam variables, p 1 , p 2 is the DM initial state of momentum, and k 1 , k 2 is the Z ′ final state of momentum. Then the annihilation cross section is computed by
and it can be expanded in terms of the relative velocity v where we take up to the P -wave contribution to our analysis. Thus the relic density is given by [220] In Fig. 5 , we show the thermal relic density of fermionic DM as a function of the dark gauge boson mass m Z ′ . We fix other parameters as follows:
The three lines correspond to three DM masses: the red, blue, and green curves represent DM masses equal to 150 GeV, 200 GeV, and 300 GeV, respectively.
C. The case of bosonic DM (S I )
Next, we consider the bosonic DM, assuming S I to be the DM candidate X. The relevant interacting Lagrangian to estimate the relic density is
where we define In the following analysis, we shall take x = 1 for simplicity. With these interactions, we calculate the annihilation process XX → Z ′ Z ′ in Fig. 6 . Then the squared spin averaged amplitude for the process is given by
where the other process is the same as in the fermion DM case; therefore, the relic density is computed by substituting the above mass invariant squared into Eqs. (IV.4) and (IV.6).
In Fig. 7 , we show the DM relic density as a function of the dark gauge boson mass m Z ′ for the following values of the relevant parameters:
The three lines correspond to three DM different masses: 150 GeV (red), 200 GeV (blue), and 300 GeV (green).
V. 750 GEV DIPHOTON EXCESS
In this section, we discuss how we can explain the diphoton excess at 750 GeV within our models for N = 5, 7, 9, and 11. The candidate of 750 GeV diphoton resonance in our model is the scalar particle H, which is a linear combination of the CP-even neutral components of Φ and ϕ. In our model, the diphoton decay channel of H is induced by the interactions of Φ and ϕ with charged scalars which can be generally written as
where charged scalar fields with electric charge Q are denoted by φ Q i . The charged scalar fields for N = 5, 7, 9, 11 are specified as
After symmetry breaking, trilinear interactions among the mass eigenstates are given by
where the mixing angle α is given in Eq. (II.5) . Here we require the contribution to h SM → γγ from new charged scalars φ Q i to be suppressed by assuming λ Φφ
This would make our model consistent with the LHC data on the 125 GeV Higgs signal strengths. Then, the Lagrangian involving the trilinear couplings for H(750) is obtained as
where µ Hφ
v ′ / cos α is the trilinear coupling.
The scalar particle H can be produced by gluon fusion through mixing with SM Higgs.
The cross section is given by
at the LHC 13 TeV [221, 222] . Moreover, H can be produced by photon fusion, pp(γγ) → H, in our model due to the sizable effective Hγγ coupling by charged scalar loop contributions.
Here we adopt the estimation of the photon fusion cross section including both elastic and inelastic scattering in Ref. [145] :
where X denotes any other associated final states. Therefore the total cross section for pp → H → γγ would be determined by
where σ γ−fusion is from Eq. (V.6).
Decays of H into SM particles are induced via mixing with SM Higgs, where the dominant partial decay widths are
We note that partial decay widths for other SM fermion final states are subdominant. The diphoton decay H → γγ is generated dominantly by charged scalar loops within our model, whose partial decay width is given by [223] 
where α em ≈ 1/137 is the fine structure constant,
/m 2 H and we omit SM particle contributions since they are small compared with charged scalar contributions. Here we note that the H → Zγ mode is also induced at the one-loop level. Since it is subdominant contribution, we shall omit the explicit formula for the partial width. When 2m Z ′ < m H the decay channel H → Z ′ Z ′ opens. Its partial decay width is given by
The partial decay width for H → Z ′ Z ′ is shown in Fig. 8 as a function of g X for several
values of m Z ′ . The decay modes H → S I(R) S I(R) and H → N 1(2) N 1(2) are also possible when they are kinematically allowed; partial decay widths of these modes are obtained as
where µ 2XH is defined in Eq. IV.10. We note that these partial decay widths are subdominant
The constraint from 8 TeV LHC data for diphoton searches should be taken into account, since BR(H → γγ) can be sizable in our model. We take the following as the constraint:
The ratio of a 13 TeV cross section and an 8 TeV cross section for gluon fusion is estimated
. For the photon fusion process, we write the
Here R γγ is estimated to be ∼ 2 [145] but the uncertainty is large, so it can be a larger value [31, 145, 182] . In our analysis, we investigate the constraint using R γγ = 2 and 4 as reference values.
Finally, we estimate σ γγ for the cases of N = 5, 7, 9, and 11 where we assume the couplings µ Hφ Q i take the same value for all charged scalars for simplicity. Also, the mass of the charged scalar is set to be m φ GeV.
4 are indicated by the purple dashed and the red dotted lines where the region above the lines is excluded. We find that contribution from the photon fusion process is dominant in the parameter region, explaining the diphoton excess. Note here that the contribution from gluon fusion is required to avoid the constraint from an 8 TeV diphoton search for R γγ ≃ 2, so we adopt sin θ = 0.2, which is allowed by the constraint of the SM Higgs mixing angle [96, [224] [225] [226] . Then we can obtain ∼ 3 fb cross section for all R γγ =2 and 5 fb for R γγ = 4. We also find that the total decay width Γ H is O(10) GeV and becomes larger for larger g X due to contribution from the H → Z ′ Z ′ channel. GeV. Then the produced Z ′ will decay before reaching the detectors at the LHC. We also note that the Z ′ production cross section for pp → h SM → Z ′ Z ′ provides a small contribution for m Z ′ > m h /2, which is preferred by the relic density of DM, since h SM is off-shell.
Before closing this section, let us discuss the consistency of DM relic density calculation with perturbative unitarity constraints on the trilinear scalar couplings, which are given by we need careful analysis to find a parameter space that satisfies perturbative unitarity, which is beyond the scope of this work.
VI. CONCLUSIONS AND DISCUSSIONS
We have proposed a new three-loop induced radiative neutrino model with local dark U(1) symmetry, in which the discrepancy of the muon anomalous magnetic moment within the standard model can be resolved by using exotic charged fermions, and both DM candidates (the Majorana fermion and/or scalar) can satisfy the observed thermal relic density without conflict with the results of direct detection searches, considering that the DM pair annihilation into a pair of Z ′ bosons is supposed to be the dominant process XX → Z ′ Z ′ .
We have also generalized the hypercharges of isospin doublet fields as well as isospin singlet fields without violating the structure of neutrino masses at the three-loop level. As a result, a lot of electrically charged new fields can be involved in our theory. In this case, such a general value of hypercharge could cause a stability problem; therefore, we have to make them decay into the SM (or DM) appropriately. In order to realize this, we have added some more nonzero charged bosons, and have shown the appropriate decay processes for each value of hypercharge, retaining our model structure for the neutrino masses and mixings. Here such new bosons also play a role in contributing the diphoton excess at 750 GeV that was reported recently by both ATLAS and CMS collaborations.
Then, we have investigated the production of the 750 GeV scalar particle H which appears as a linear combination of the SM Higgs and a neutral CP even component of the U (1) charged SM singlet scalar. This scalar particle H is produced by gluon fusion via mixing with SM Higgs, and also by the photon fusion process. We find that a 3 − 10 fb cross section As such, it deserves its own investigation at current and future colliders, and in low energy lepton flavor physics.
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